Strongly lensed active galactic nuclei (AGN) provide a unique opportunity to make progress in the study of the evolution of the correlation between the mass of supermassive black holes (M BH ) and their host galaxy luminosity (L host ). We demonstrate the power of lensing by analyzing two systems for which state-of-the-art lens modelling techniques have been applied to deep Hubble Space Telescope imaging data. We use i) the reconstructed images to infer the total and bulge luminosity of the host and ii) published broad-line spectroscopy to estimate M BH using the so-called virial method. We then enlarge our sample with new calibration of previously published measurements to study the evolution of the correlation out to z ∼ 4.5. Consistent with previous work, we find that without taking into account passive luminosity evolution, the data points lie on the local relation. Once passive luminosity evolution is taken into account, we find that BHs in the more distant Universe reside in less luminous galaxies than today. Fitting this offset as M BH /L host ∝ (1 + z) γ , and taking into account selection effects, we obtain γ = 0.6 ± 0.1 and 0.8 ± 0.1 for the case of M BH -L bulge and M BH -L total , respectively. To test for systematic uncertainties and selection effects we also consider a reduced sample that is homogeneous in data quality. We find consistent results but with considerably larger uncertainty due to the more limited sample size and redshift coverage (γ = 0.7 ± 0.4 and 0.2 ± 0.5 for M BH -L bulge and M BH -L total , respectively), highlighting the need to gather more high-quality data for high-redshift lensed quasar hosts. Our result is consistent with a scenario where the growth of the black hole predates that of the host galaxy.
(MBH) is known to be correlated with the host properties. The tight correlations are usually, but not uniquely, explained as the results of their co-evolution (e.g., Magorrian et al. 1998; Ferrarese & Merritt 2000; Gebhardt et al. 2001; Marconi & Hunt 2003; Häring & Rix 2004; Gültekin et al. 2009; Graham et al. 2011; Beifiori et al. 2012; Park et al. 2015; Kormendy & Ho 2013) (see, however, Peng 2007; Jahnke & Macciò 2011, for a different view) . A powerful way to explore the origin of this physical coupling and understand the role of active galactic nuclei (AGN) feedback in galaxy formation is to measure the correlations directly at high redshift and determine how and when they emerged and evolved over cosmic time (e.g., Treu et al. 2004; Salviander et al. 2006; Woo et al. 2006; Jahnke et al. 2009; Schramm & Silverman 2013; DeGraf et al. 2015) .
The most common technique used to estimate MBH beyond the local Universe (z > 0.1) is the so-called virial method, based on the properties of broad emission lines in type 1 AGN (Shen 2013; Peterson 2014) . However, the bright source associated with the AGN makes the study of its host galaxy very difficult. Strong gravitational lensing (see, e.g., Courbin et al. 2002; Schneider et al. 2006; Treu 2010; Treu & Ellis 2015 , for reviews) stretches the host galaxy out from the wings of the bright point source as point spread function (PSF), providing a unique opportunity to infer its magnitude robustly (Peng et al. 2006 ). However, in order to measure host luminosity (L host ) and construct the MBH-L host correlation from strongly lensed AGN, it is necessary to ensure that any systematic uncertainties associated with the gravitational lens model can be controlled to the desired level of accuracy.
Recently, Ding et al. (2017) studied the fidelity of the measurement of lensed AGN host brightness through a set of extensive and realistic simulations of Hubble Space Telescope observation and lens modeling. First, the mock images of the lensed AGNs in our sample (see Ding et al. (2017) , Table  1 ) were generated as realistically as possible. Second, the simulated AGN host galaxy images were reconstructed with the state-of-the-art lens modelling tool (glee 1 ). Third, by fitting the host magnitude with the software galfit (Peng et al. 2002) and comparing the inference to the input value, Ding et al. (2017) found that the L host can be recovered with better accuracy and precision than the uncertainty on single epoch MBH estimates (∼ 0.5 dex) for hosts as faint as 2−4 magnitudes dimmer than the AGN itself.
In this paper, we apply our advanced techniques to two strongly lensed systems (i.e. HE0435−1223 and RXJ1131−1231), with excellent imaging data. The host galaxy luminosity is inferred from the lens detailed model developed as part of the H0LiCOW collaboration 2 with the goal of measuring cosmological parameters from gravitational time delays (Suyu et al. 2017; Bonvin et al. 2017) . MBH is inferred by applying a set of self-consistent calibrations of the virial method to the broad emission line properties measured by Sluse et al. (2012) . In addition, we combine our new measurements with a large sample of AGNs taken 1 Developed by Suyu & Halkola (2010) based on Suyu et al. (2006) and Halkola et al. (2008) . 2 H 0 Lenses in COSMOGRAIL's Wellspring, http://www. h0licow.org/.
from the literature and consistently recalibrated, and study the evolution of the MBH-L host relation for 146 objects in the redshift range 0 < z < 4.5. It is still unclear whether the bulge or the total luminosity provides the tightest correlation with MBH (Jahnke et al. 2009; Bennert et al. 2011b; Park et al. 2015) . Thus, we consider both of them in this study.
This paper is organized as follows. We briefly describe the sample selection in Section 2. The host galaxy surface photometry and the MBH are inferred in Section 3 and 4, respectively. In Section 5, we present our main result. Discussion and conclusion are presented in Section 6 and 7. Throughout this paper, we adopt a standard concordance cosmology H0 = 70 km s −1 Mpc −1 , Ωm = 0.30, and ΩΛ = 0.70. Magnitudes are given in the AB system.
SAMPLE SELECTION
First, we analyze the two quadruply-imaged AGN HE0435−1223 and RXJ1131−1231 (hereafter HE0435 and RXJ1131) with source redshifts at 1.693 and 0.654, respectively. Detailed information for these two systems is given by Suyu et al. (2017) . Accurate lens models have been derived in an effort to measure cosmological parameters from gravitational time delays as described by Wong et al. (2017) and Suyu et al. (2013) . These models provide the reconstructions of AGN hosts, from which in turn we estimate L host .
Second, we combine and compare our new measurements with those by Peng et al. (2006) (hereafter, P06) . P06 explored the MBH-L host based on 20 non-lensed AGNs and 31 gravitationally lensed AGNs (including HE0435 and RXJ1131). P06 is so far the only paper in which the MBH-L host relation has been comprehensively investigated using lensed AGNs observed with HST. We note that for the two systems in common, the HST images used in our work are much deeper than those used by P06, and the lens models are much more detailed. Also, P06 was based on NIC2 images, as opposed to the much more powerful more modern cameras used in our work. Therefore, our measurements supercede those by P06 for these two systems. Furthermore, we exclude MG 2016+112 because it is a type II AGN (Koopmans et al. 2002) and the black hole mass using the virial method cannot be considered reliable. We also exclude the lens system B2045+265 used by P06 because of the incorrect redshift identification of the AGN spectrum by Fassnacht et al. (1999) (Nierenberg et al. 2017, in preparation) .
Third, we combine our new measurements with samples of non-lensed AGN that have been measured by members of our team using the same techniques as those applied here. The samples consist of 52 intermediate redshift AGNs (0.36 < z < 0.57) summarized by Park et al. (2015) (hereafter P15), 27 distant AGNs (0.5 < z < 1.9) measured by Bennert et al. (2011b) and Schramm & Silverman (2013) (hereafter, B11 and SS13) , and 19 local AGNs measurements Peterson et al. 2004) . It is worth noticing that they are so far the largest HST imaging samples which are carefully selected as moderate-luminosity AGN, for which the contrast between nucleus and host galaxies is much more favorable for the inference of L host than for high luminosity lensed quasars. Thus, their host luminosities are measured with high accuracy even without lensing.
Overall, our sample consists of two new lensed systems and active galaxies from the literature, including elliptical and spiral hosts with redshift up to 4.5. This total sample of 146 objects is the largest compilation of AGNs from HST which are cross-calibrated to study the MBH-L host relation. The objects and their basic properties are listed in Tab. 1 and 2.
SURFACE PHOTOMETRY
In this section, we describe the measurement of host luminosity. For HE0435 and RXJ1131, we first derived their host magnitude from the reconstructed surface brightness maps in the source plane. Then, we inferred the rest-frame Rband luminosities based on their spectral energy distribution (SED). For the other AGNs, we collected and homogenized their luminosities from the literature.
Surface photometry of HE0435 and RXJ1131
We used the software galfit to model the reconstructions from Wong et al. (2017) and Suyu et al. (2013) . The reconstruction of HE0435 was fitted as the Sérsic profile with n limited between 1 − 4. It has been tested that this prior on n does not bias the inference of magnitude (Ding et al. 2017 ). In the case of RXJ1131 a clearly visible residual image was present and the resulting parameters were physically acceptable when fitted with an additional profile, we concluded that the host galaxy is composed of a disk and a bulge. In this case, we fixed the reconstruction as two-component Sérsic profiles with n equals to 1 and 4, corresponding to exponential disk profile and de Vaucouleurs (1948) profile, respectively. Although the luminosities of lens systems are corrected from lensing magnification using a lens model, small differences exist between models of different groups. The derived magnification rarely differs by more than 20%. According to detailed simulations presented by Ding et al. (2017) , the inferred values of L host can be recovered with sufficient accuracy and precision to study the MBH-L host relation using our approach. Finally, we derived the rest-frame R-band luminosity using a standard K-correction. These steps are described below in more detail for each system.
HE0435
HE0435 was imaged with HST /WFC3-IR through filter F160W from program HST -GO-12889 (PI: S. H. Suyu). Wong et al. (2017) produced a set of twelve reconstructions for this system, based on different assumptions, in order to estimate the amplitude of systematic errors associated with these choices. In 9/12 cases the source plane resolution was set to 40×40 pixels. For the other three cases a higher resolution of 50×50 pixels was adopted. The reconstructions were based on an image plane size of ∼ 1. 9 square.
By fitting each of the twelve reconstructions with single Sérsic profile, we summarized the inference and found the mean value and the scatter of the host magnitudes are m host = 21.75 ± 0.13; the inferred effective radius and Sérsic index are R eff = 0.82 ± 0.14 arcsecond; n = 3.94 ± 0.14, as shown in Tab. 3. Furthermore, to test the type of the host galaxy, we fitted the reconstructions as two-component Sér-sic profile. However, we obtained unphysical results and no improvements in the fit indicating that the host galaxy of HE0435 is consistent with being a pure elliptical. One example of the reconstruction and its corresponding galfit best-fit are shown in Fig. 1 , panel (a). We also note that there is a small structure at the lower left of the host. However, its brightness is negligible compared to the host which do not affect the inference of the L host . Interestingly, this could correspond tidal features in the host galaxies. If true, the mergers could be related to triggered AGN activity. It is beyond the scope of this work to pursue this further, but it would be intriguing to simulate the hosts with merger signature and to see if they can be recovered in the source reconstruction.
We can verify the accuracy of our result by carrying out simulations as described in our previous paper (Ding et al. 2017) , using our inferred parameters as input. The observed and simulated HE0435 images are shown in Fig. 1, panel (b) . By repeating the analysis on the simulated image, we recover the input value (input: m host = 21.75 mag; output 21.88 mag) showing an accuracy much better than our target 1.25 mag (0.5 dex). We note that while in the simulations the PSF is assumed to be perfectly known, for the real data the PSF is inferred from the data using an iterative correction procedure (see Chen et al. 2016; Wong et al. 2017, Suyu et al. in preparation) .
Following P06, we made no corrections for dust extinc-tion of the host galaxy because they are likely to be small for a pure elliptical. The observed magnitudes were then transformed to rest-frame R-band by applying K-correction with Sbc template spectrum, using Coleman et al. (1980) templates. We used the Sbc template because the stellar populations cannot be older than a few Gyrs at this redshift and the local elliptical template would be too red. Nevertheless, since the HE0435 is observed through the F160W filter, which roughly corresponds to the rest-frame R-band at z ∼ 1.5, the K-correction are only weakly dependent on the assumed SED (see Fig. 7 in P06), and do not contribute significantly to the error budget. Finally, the best inferred value of L host of HE0435 in rest-frame R-band is logL host = 10.96 which is very close to the one inferred in P06 (i.e. logL host = 11.12). Lens models based on archival HST Advanced Camera for Surveys (ACS) in the filter F555W and F814W are also available from Wong et al. (2017) . Unfortunately, due to the short exposure time, the signal to noise ratio of the reconstructed host images in these bands is insufficient to infer the luminosity robustly in these bands and study the colors of the host. Thus they are not considered in this study.
RXJ1131
RXJ1131 is imaged with HST /ACS through filter F814W. A set of seven source resolutions including 50×50, 52×52, 54×54, 56×56, 58×58, 60×60, and 64×64 pixels were selected when modelling the host image into source plane (Suyu et al. 2013) , with a frame size of ∼ 2. 9 square 3 . As noted by Suyu et al. (2013) , all the reconstruction of the host show a compact peak near the center (see Fig. 2 , panel (a), left panel), exhibiting the boundary line between the dominated area of bulge and disk which indicates the host galaxy is a spiral galaxy. Similarly, Claeskens et al. (2006) reconstructed the host of RXJ1131 and found it to be a spiral, disk dominated galaxy. Thus, we fitted the reconstructions as two-component Sérsic profiles, and the inferred properties of the disk are m disk = 20.07 ± 0.06 mag; R eff disk = 0.84 ± 0.09 arcsecond and the properties of the bulge are m bulge = 21.81 ± 0.28 mag; R eff bulge = 0.20 ± 0.08 arcsecond, as summarized in Tab. 3. An example of the reconstruction and the best-fit image are shown in Fig. 2 , panel (a).
In the simulations of Ding et al. (2017) , the host of RXJ1131 was assumed to be a single Sérsic profile with the magnitude between 19.0 and 20.5. In this work, we simulate a more realistic two-component profile, with key parameters (i.e. m host and R eff ) equal to the inferred values. The real and mock RXJ1131 image are shown in Fig. 2, panel (b) . We first use a single Sérsic profile to fit the reconstruction, but applying this model is a poor representation with an obvious residual in the central image (i.e. Fig. 2 , panel (c), left). This result suggests the lens model of RXJ1131 reconstructs the host with sufficiently high resolution to distin-3 Suyu et al. (2014) updated the model of RXJ1131. Given the similarity in the composite and power-law model by Suyu et al. (2014) , a similar time delay distance is obtained (within ∼ 2%, and hence spatial scaling of the source due to mass-sheet degeneracy). This means the inference of total flux of the host should be unchanged to within ∼ 4%. (a) Source plane reconstruction of RXJ1131 (left), the best-fit by galfit using a two-Sérsic components profile (middle) and residual image (right). As for HE0435, we derived the rest-frame R-band magnitude using a standard K-correction. At the redshift of RXJ1131, the conversion to R-band magnitude depends significantly on the adopted SED. Therefore, we determined the K-correction directly from the color of lensed host arc, based on the multi-band SED fitting available in the archive (GO-9744; PI: C. S. Kochanek). The final estimations are ∆mag disk (R−F814W)≈ −0.3 and ∆mag bulge (R−F814W)≈ −0.7. For detail, see Appendix A.
Surface photometry for the literature samples
In this section we describe our inference of the rest-frame R-band luminosity for the P06 and P15 samples.
P06 used the galfit (for non-lensed source) and lens-fit 4 (for lensed source) softwares to infer the brightness of the AGN hosts, describing the host galaxy as single Sérsic profile. In P06, they reported a single value of luminosity for each object, suggesting that the host galaxies are ellipticals. However, in our analysis, we find the RXJ1131 is a spiral galaxy which suggests the approach in P06 may not be accurate for all the host galaxies. We will return to this issue in Section 6. Their measurements of absolute magnitude are presented by P06 (Tab 3 and 4 therein) in rest-frame Rband, Vega system. Thus, we transfer to AB system using mAB,R − mVega,R = 0.21 (Blanton & Roweis 2007) .
Similarly, for the P15 sample, which includes the samples from B11 and SS13, the host galaxy was fitted as a n = 4 profile to model the bulge component; an exponential disk profile was added if deemed necessary. The rest-frame V-band luminosity is derived (see P15, Tab. 4, Column 3) by applying the K-correction with an early-type galaxy template spectrum. The same template is taken, we converted their results to rest-frame R-band. As the scatter in V-R colors is small, the associated uncertainty is estimated to be 0.16 mag (i.e. 0.06 dex in luminosity). Likewise, the luminosities for 19 local active galaxies are converted to restframe R-band.
Having obtained the R-band mag, the luminosity is derived by log LR/LR, = 0.4(MR, − MR), where MR, = 4.61 (Blanton & Roweis 2007) . We summarized the homogenized R-band luminosities in Tab. 1 and 2.
BLACK HOLE MASS
Assuming that the dynamics of the broad-line region (BLR) is dominated by the gravity of the central supermassive black hole, MBH can be derived by applying the so-called virial method, based on the size of the BLR (RBLR) and the lineof-sight velocity width (∆V ) which can be inferred in turn from continuum luminosity and emission line width, respectively. Usually, the CIV(λ1549), MgII(λ2798) and Hβ(λ4861) emission lines width and their local continuum luminosities λL λ (1300Å), λL λ (3000Å) and λL λ (5100Å) are used, respectively. Sluse et al. (2012) , P06, and P15 used different lines and different calibrations of the virial method. Thus we need to cross-calibrate them in order to avoid any systematic bias between the samples.
We first choose the recipe of P15 as the baseline:
.536 + 0.519 log λL5100 10 44 erg s −1 + 2 log σ Hβ 1000 km s −1 .
(1)
Then we align the self-consistent recipes (including emission lines using Hβ and MgII) from McGill et al. (2008) with this baseline, by adding a small constant to the intercept (i.e. −0.144). In order to cross-calibrate the CIV-based estimator, we exploit the nine AGNs in our sample for which both MgII and CIV are available. We take the CIV recipe from P06 and add a small constant intercept (i.e. −0.331) to match on 4 lensfit is a version of galfit that has been extended to fit lensed host galaxies while optimizing the mass model for the lens galaxy. For details, see P06.
average the value inferred from MgII. Overall, we adopt the following virial formalism:
with a{CIV, MgII, Hβ}={6.322, 6.623, 6.882}, b{CIV, MgII, Hβ}={0.53, 0.47, 0.518}, λ line {CIV, MgII, Hβ}={1350, 3000, 5100}. Having achieved a consistent cross-calibration, the MBH is estimated by adopting the emission line properties measured by Sluse et al. (2012) , P06 and P15. For the 19 local AGNs, rather than using continuum luminosity, RBLR was derived from time lags between continuum and emission-line variations (Peterson et al. 2004 ). Thus, same as P15, we adopt the reverberation-mapping MBH measurements with virial factor (log f = 0.71, Park et al. 2012; Bentz et al. 2009 ), noting that they are the anchor for the virial method and thus are inherently selfconsistent.
MBH estimates are listed in Tab. 1 and 2, together with details on the emission line used. For RXJ1131, since the estimated MBH using MgII and Hβ are very similar, we adopt their average. Moreover, we note that the values of MBH for HE0435 and RXJ1131 inferred in this paper are larger than the estimates by P06 (∆ logMBH = 0.25 and 0.44 for HE0435 and RXJ1131, respectively), due to the fact that the properties of the emission lines of these two systems have been revised upwards by Sluse et al. (2012) based on data of superior quality. P15 and Ding et al. (2017) , for the distant objects, we adopt total uncertainty for L host and MBH of 0.2 dex (∼0.5 mag) and 0.4 dex, respectively.
RESULTS

Following
The observed MBH-L host relation
The MBH-L bulge and MBH-L total relation defined by our samples are shown in Fig. 3 , panel (a) and (b). There is a clearly positive correlation between MBH and L host as in local samples. For a direct comparison to local samples, we fit the local MBH-L host as:
Using a Markov Chain Monte Carlo (MCMC) process we derive α = 0.68±0.18; β = 0.74±0.09 for the MBH-L bulge and α = 0.33 ± 0.22; β = 0.95 ± 0.15 for the MBH-L total , with intrinsic scatter σint ∼ 0.25 for both of them. Consistent with previous work (e.g. P06, P15), the observed correlation at high redshift is nearly identical to the local. This is perhaps surprising, considering that both the black hole mass and host galaxy luminosity are expected to evolve over cosmic time. For example, in a minimal evolution toy model, the elliptical galaxies and their black hole are formed at high redshift and evolve passively thereafter. Thus, we expect L host to fade over time, owing to aging stellar populations. To allow a direct comparison to the local samples, we considered this scenario in the next section. For distant AGNs, the redshifts are color-coded. The local data and their linear fitting (using an MCMC process) are colored in gray (1-σ region) with the best-fitted coefficients in blue color. We use the star symbol to highlight our new lensed-based measurements of HE0435 and RXJ1131. The total uncertainty for L host and M BH of distant AGNs are adopted to be 0.2 dex (∼ 0.5 mag) and 0.4 dex, respectively.
The passive evolution-corrected MBH-L host relation
In order to test the passive evolution scenario, we correct the observed L host to its expected value at z = 0 by accounting for the aging of the stellar populations. It has been shown that the evolution of the mass-to-light ratio of early-type galaxies can be effectively described as that of a single burst stellar population formed at appropriate redshifts (e.g., Treu et al. 2005) . In order to represent the uncertainty in the star formation history we consider a range of single burst models formed at z f equals to 2, 3 and 5 5 . We choose to parametrize the evolution with the functional form dmag R = δmd log(1 + z), i.e.
with δ = −δm/2.5, so that log(LR,0) = log(LR) − δ log(1 + z).
For this parametrization, we derive that δm −3.7±0.2 (i.e. δ = 1.48±0.08) provides a good representation of typical star formation histories.
This formalism is more accurate when considering a broad range in redshift with respect to adopting a single slope as a function of dmag/dz as done by P06 and P15. For a direct comparison, we also plot the passive evolution correction as a function of redshift in Fig. 4 . Note that our chosen functional form describes well the P15 form at z < 1 and the P06 form at z ∼ 3 redshift, while avoiding the extreme corrections at very high-z implied by previous parametrizations. Furthermore, our chosen functional form facilitate the analysis of the MBH-L host evolution in the following way. Combining Eq. 3 with the passive evolving correction, i.e. Eq. 5, and adding γ term which describes the evolution of the correlation between MBH and observed L host , leads to the following formalism:
In this equation, βδ represents the effects of passive evolution. The evolution at fixed present-day luminosity is given by γ = γ + βδ. In this way the effects of the passive evolution correction can be easily separated and a different passive evolution model can be applied to the data, if desired. In our specific case, since we derived β = 0.74 ± 0.09 for the MBH-L bulge relation, the passive evolution term corresponds to approximately βδ = 0.74 × 1.48 ∼ 1.0, neglecting the effects of scatter and errors. Likewise, the passive evolution term is βδ = 0.95 × 1.48 ∼ 1.4 for the MBH-L total relation. The resulting MBH-L host relation after applying the passive evolution correction is shown in Fig. 3 , panels (c) and (d). Clearly, after the correction, the high redshift samples are offset with respect to the local samples, indicating a tendency of BH in the more distant Universe to reside in less luminous hosts at fixed MBH. This tendency is consistent with previous work, and also consistent with the studies of the MBH-σ * (stellar velocity dispersion) and MBH-M * Corrected mag for passive evolution dmag V /dz =−1.55 dmag R /dz =−0.8 dmag R /dlog(1 +z) =−3.7
Adopted by P15 Adopted by P06 Adopted here Figure 4 . Illustration of the comparison of the passive evolution correction adopted by P15, P06 and in this work. Note that all the samples in P15 are at low redshift (z 1). Thus, the dmag V /dz −1.55 is derived by assuming z f = 2 which is appropriate at these redshifts. P06 adopted dmag R /dz −0.8 by assuming z f = 5.
(stellar mass) correlations, which do not require correction for passive evolution (Treu et al. 2004; Woo et al. 2006 Woo et al. , 2008 Bennert et al. 2011a ). We fit the offset in black hole mass at fixed passively evolved luminosity as a function of redshift in the form:
where ∆ log MBH = log
, and obtain γ = 0.75 ± 0.11 for the MBH-L bulge and γ = 0.95 ± 0.11 for the MBH-L total , as shown in Fig. 5, panels (a), (b) . We also obtain γ = −0.14 ± 0.11 for the MBH-L bulge and γ = −0.26 ± 0.12 for the MBH-L total , when not taking into account the passive evolving correction. As expected, the difference γ − γ is consistent with the effects of the passive evolving correction, i.e. βδ ∼ 1.0 for the MBH-L bulge and βδ ∼ 1.4 for the MBH-L total .
We conclude by noting that this fit does not take into account selection effects, which are discussed in the next section.
Selection effects
From Fig. 3 , we can see that at high redshift we preferentially study systems with the larger MBH and L total . This is expected as observational samples tend to be flux limited and thus favor the high luminosity tail (and hence typically high MBH) of the distribution. Like many other instances in astronomy, it is essential to take into account the selection function when estimating the evolution of the black hole mass host galaxy correlations (Treu et al. 2007; Lauer et Figure 5 . Illustration of the offset in logM BH for a given L bulge (left) and L total (right) as a function of redshift, after passive evolution correction. Top panels corresponds to the fitting using the whole sample. We also highlight the subsamples from SS13. Bottom panels corresponds to the fitting excluding the samples from P06 and SS13. The red solid line represents the best-fit trend for all distant objects as a functional of ∆ logM BH = γ log(1 + z), with the 1-σ region confidence range shaded in grey. The orange band is the intrinsic scatter of local linear relation.
Following P15, we take selection effects into account by using a Monte Carlo simulation method based upon the methodology introduced by Treu et al. (2007) and Bennert et al. (2010) . The simulated samples are generated from a combination of the local active BH mass function from Schulze & Wisotzki (2010) and the local MBH-L host relation from Bennert et al. (2010) with Gaussian random noise added as a function of the two free parameters γ and intrinsic scatter of the correlation σint. Note that the scatter is assumed to be independent of redshift in our description. For each object, the likelihood of the observed MBH with a given L host is calculated from the simulated sample at the given γ and σint, and taking into account whether the object would be selected or not based on our sensitivity. Finally, by adopting uninformative uniform (flat) prior or lognormal prior from Bennert et al. (2010, σint = 0.21±0.08) , the posterior distribution function of γ and σint is evaluated. Selection effects are modelled in the same way for the lensed-quasar sample, neglecting any second order effects related to lensing magnification. We note however, that these effects are small (Collett & Cunnington 2016) and magification-related biases should affect the quasar and host galaxy in a similar manner, thus moving objects mostly along the MBH-L host correlation and not away from it.
Taking into account selection effects, the results of the inference are shown in Fig. 6 . The fitted values of γ are 0.6 ± 0.1 (MBH-L bulge ) and 0.8 ± 0.2 (MBH-L total ), almost independent of the choice of prior. These values are consistent with the previous inference in Section 5.1 and 5.2.
Interestingly, the intrinsic scatter of the correlations is found to be consistent with typical values inferred for local samples (0.3 − 0.4 dex). This result is consistent with the hypothesis that well defined correlations exist at the redshifts probed by our sample, and indicates that we have not significantly underestimated our errors at high-z. It would be beneficial to study how the selection bias changes as a function of some key factors such as the values of L host and MBH, the level of the uncertainties and the redshift distribution of the samples. However, this topic is trivial in this study as we obtained consistent inference by either or not talking selection effects into account. Moreover, to study this relation quantitively requires considerate tests and simulations. Thus, we leave it in the future study.
DISCUSSION
In this section, we first estimate the importance of potential systematic errors in § 6.1. Then, we carry out a detailed comparison with previous observational work in § 6.2. Finally we discuss how our measurements fit into our understanding of galaxies and BHs co-evolution in § 6.3.
Systematic errors
We have combined our new measurements with ones taken from the literature in order to increase the sample size and reduce statistical uncertainties. Even though we have restricted our analysis to the samples that have been analyzed in the most similar manner to our new data and we have cross-calibrated the black hole mass estimators, there are still some residual differences. First, P06 obtained the luminosity of one galaxy by combined the fluxes together, even though some of them may include a disk component (e.g. RXJ1131). According to morphological studies of AGN host galaxies, the fraction of spiral/elliptical hosts of AGN is approximately one third (Kocevski et al. 2012) , with the exact value depending on MBH and luminosity. Thus it is possible that P06 overestimates the bulge component of some of the host galaxies. The total luminosity should be less affected by this bias, even though not completely immune.
Furthermore, the subsample by SS13 included in the compilation by P15, was X-ray selected as opposed to optically selected like the rest of the non-lens sample (some of the lenses are radio-selected). This difference in selection could potentially lead to a systematic difference between the two samples.
In order to estimate these systematic uncertainties, we repeat the analysis by excluding the P06 and SS13 samples. This reduced sample will have significantly less statistical power, owing to the reduced size and redshift coverage, but should be more robust with respect to the systematic uncertainties discussed above. Given this reduced sample, we obtain γ = 0.88 ± 0.28 for the MBH-L bulge and γ = 0.51 ± 0.28 for the MBH-L total , as shown in Fig. 5, panel (c), (d) . Moreover, we use the same approach to study the selection effects and obtain the consistent inference, as illustrated in Fig. 7 . Even though as expected the uncertainties are larger than for the full sample, the results are statistically mutually consistent at 1-σ level. To facilitate the comparison between different γ, we summarize our inference in Tab. 4. We conclude that our inferred trends are not dominated by systematic differences between the samples, and systematic uncertainties of this kind are smaller than the random ones.
In this work, MBH estimates are derived using the CIV, MgII and Hβ emission lines. However, the CIV and MgII lines are usually in outflow (Baskin & Laor 2005; Richards et al. 2011; Denney 2012 ) and therefore may not be dominated by the gravity of the central MBH and result in biased MBH estimates, especially for the CIV line (Trakhtenbrot & Netzer 2012 ). Following McGill et al. (2008 the potential bias has been mitigated by cross-calibrating the MBH estimates based on the different lines. As a further sanity check, we fitted the γ using only Hβ-based samples. We note that this Hβ sample is very smilar to the subsample excluding P06 and SS13, and in fact the results are similar (γ = 1.10 ± 0.36 for the MBH-L bulge and γ = 0.7 ± 0.37 for the MBH-L total ). We conclude that any potential residual bias related to the use of lines other than Hβ is smaller than statistical uncertainties or biases related to sample selection. Figure 6 . Posterior distribution function given the entire dataset for a model with evolution in the form ∆ logM BH = γ log(1 + z) with intrinsic scatter σ int , taking into account selection effects. The M BH -L bulge (top) and M BH -L total (bottom) correlations with flat (left) and lognormal prior (right) are shown.
Comparison with previous work
P15, using a sample of 79 active galaxies, inferred the following evolutionary trends: γ = 0.9 ± 0.7 for the MBH-L bulge and γ = 0.4 ± 0.5 for the MBH-L total . These are consistent with our inference, although their uncertainties are much larger, owing to the smaller sample size and reduced high redshift coverage. A similar result was obtained by P06, where they found that the ratio between MBH and M * was ∼ 4 times larger at z ∼ 2 − 4 than today (i.e. γ ∼ 0.8 − 1.2). The consistency between their measurements and ours are expected since the overall samples in this work are mostly composed of the samples by P15 and P06, even though there are some differences in the rest-frame bands chosen for photometry (we and P06 adopt rest-frame R, while P15 adopts rest-frame V), in the passive evolution correction, and in the black hole mass calibration.
The cosmic evolution of the MBH-L bulge relation is a topic of intense debate in the literature. Many works have reported an evolutionary signal based on different relations including the MBH-L host (e.g. Treu et al. 2007; Bennert et al. 2010) , the MBH-M * (e.g. McLure et al. 2006; Jahnke et al. 2009; Decarli et al. 2010; Cisternas et al. 2011; Bennert et al. 2011b; Trakhtenbrot et al. 2015) and the MBH-σ * (e.g. Woo et al. 2006 Woo et al. , 2008 correlations. Nevertheless, other observational studies (e.g. Shields et al. 2003; Greene & Ho 2005; Komossa & Xu 2007; Shen et al. 2008) found no evidence for evolution. In Shankar et al. (2016) , they find serious biases in the MBH-M * relation and prove that σ * is more fundamental than any other variable. However, in Shankar et al. (2009) , they show that there is no evolution in the MBH-σ * relation once one accounts for the ages of local galaxies and the So ltan argument. Moreover, Schulze & Wisotzki (2011 concluded that there is no statistically significant evidence for evolution once these selection effects are taken into account and corrected. Taking a different approach, DeGraf et al. (2015) used the results of the high-resolution numerical simulation MassiveBlackII to compare the observed and intrinsic evolution of the black hole mass host galaxy correlations and reproduced the evolutionary trend of the relation. Consistent with other considerations, they also found that the observed samples display steeper slopes than random ones, suggesting the selecting effects can exhibit faster evolution than a random sample. Similarly, by generating Monte Carlo realizations of the MBH-σ * relation at z = 6, Volonteri & Stark (2011) also found that due to selection bias the 'observable' subsample would suggest an average positive evolution even when the intrinsic correlations is characterized by no or negative evolution at high redshift. These studies highlight once again the importance of taking selection effects into account.
Clearly, absence of evidence does not imply evidence of absence, and one way to make progress is to improve the precision and accuracy of the measurement. In our work, we attain much higher precision than previous work owing to the enlarged sample, including lensed quasars. Thanks to the large sample size, even when selection effects are taken into account, the evolutionary trend is detected at high significance (γ = 0 at more than 5-σ). However, using a reduced sample by excluding the subsamples from P06 and SS13, we obtain a smaller evolutionary trend, with larger uncertainties. These results are consistent at 1-σ level (see Tab. 4), and highlight the importance of studying larger sample of high redshift lenses with the state-of-the-art data.
6.3 Implication for the co-evolution of black holes and their host galaxies
Our results are consistent with a scenario in which BHs in the distant Universe typically reside in lower stellar mass galaxies than today, assuming that the passively evolved luminosity tracks approximately stellar mass (see Bennert et al. 2011a; Schramm & Silverman 2013 , for a consistent direct measurement based on stellar mass determination). In order to end up on the local final relation, the stellar mass of the host galaxy would have to grow faster than MBH. An interesting clue to the physical mechanism driving the evolution could perhaps be found by comparing the inferred evolution for the correlation between MBH and the total host galaxy luminosity, and that with the bulge luminosity. We found those two to be comparable within the uncertainties. Previous work found the MBH-M * bulge correlation to evolve somewhat faster than MBH-M * total , albeit at low statistical significance, suggesting that one of the mechanisms at work is the build up of the bulge component from stars in the disk (Croton 2006) . It is difficult to perform a direct comparison, because of the fact that the P06 sample did not attempt bulge-disk decomposition, and we have also assumed a single passive evolution trend for the entire galaxy. Both effects could potentially suppress the differences between the evolution of the bulge and total luminosity with respect to the black hole mass. Also, our sample extends to much larger redshift than that of B11. One possible explanation of this possible tension is that the dominant evolutionary mechanisms changes with redshift. At low redshift (z 1), the growth of the bulge is dominated by the secular evolution with the redistribution of disk stars while at high redshift (z 1), the growth is dominated by major mergers (see Bennert et al. 2010 , for a similar conjecture).
To settle this issue, it is crucial to obtain high-quality data and model large samples of lens systems, so that robust bulge to total luminosity decompositions can be carried out. It would also be beneficial to obtain multi-color data to estimate directly stellar mass, and ideally stellar kinematic information to distinguish pressure supported systems from rotationally supported ones.
Since the L host of ellipticals would not change when considering the bulge and the total, we examine the offset using the sample limited to spiral galaxies. In our sample, there are 9 local spirals and 41 distant spirals, excluding SS13. Fitting the offset with this subsample, we obtain γ = 2.15±0.41 and 1.18 ± 0.41 for MBH-L bulge and MBH-L total , respectively, which are larger than the previous inference listed in Tab. 4 for the entire sample. This difference could suggest the spiral galaxies are undergoing a more rapid evolution than the ellipticals in order to end up on the local final relation. However, we caution that this result should be taken with a grain salt, given the small sample size of the local disk comparison sample.
SUMMARY
We presented a new measurement of the co-evolution of supermassive black holes and their host galaxies. First, we carried out a new analysis of two strongly lensed quasars, HE0435−1223 and RXJ1131−1231. By using the state-ofthe-art lens models by Wong et al. (2017) and Suyu et al. (2013) , we found that the host galaxies of HE0435 and RXJ1131 are well described by an elliptical and spiral surface brightness density profile, respectively. Then, we measured the host galaxy magnitude and tested for potential biases by carrying out realistic simulations following the procedure outlined by Ding et al. (2017) . We found that the bias of our inference of L host is small (0.1−0.2 mags) and that we can recover the host image precisely even if the host has multiple components (see Fig. 2, panel (c) ). We estimated MBH by using a set of self-consistent single epoch estimators based on the quasar emission line properties as measured by Sluse et al. (2012) .
Second, we combined our measurements with the published ones from the literature (Peng et al. 2006; Park et al. 2015) , thus expanding our sample to 146 active galaxies up to z = 4.5. We have taken care of using self-consistent recipes to re-derive the black hole mass estimates and convert all the luminosities self-consistently to the rest-frame R-band.
Our main findings can be summarized as follows:
(i) The observed correlations -without correction for evolution -are consistent with those observed in the local Universe.
(ii) The data are inconsistent with a passive evolution scenario. By correcting the host galaxy rest-frame luminosity to z = 0, we find that galaxies are underluminous for a given MBH, even neglecting growth by accretion.
(iii) The passively evolved correlations are well described by a relationship of the form ∆ logMBH= γ log(1 + z) with γ = 0.6±0.1 and γ = 0.8±0.2, respectively at fixed bulge and total host luminosity, taking into account selection effects.
Considering that stellar populations must fade as they get older, and considering that similar results have been found when studying the correlations between MBH and host galaxy velocity dispersion (Treu et al. 2004; Woo et al. 2006 Woo et al. , 2008 and stellar mass (Jahnke et al. 2009; Bennert et al. 2011b; Schramm & Silverman 2013) , we are forced to conclude that the co-evolution of galaxies and black holes is non-trivial, in the sense that systems do not stay on the correlation as they evolve. At least for active galaxies in the range of black hole and stellar masses that can be analyzed with current technology, it appears that the growth of the black hole predates that of the bulge (Croton 2006) . However, given the complexity and variety of processes involved, direct comparisons with detailed numerical simulations are needed to further our understanding of the co-evolution of black holes and their hosts. Recent cosmological simulations including some prescriptions for black hole growth and feedback have been shown to reproduce the observations at least at z < 1 (DeGraf et al. 2015) . It will be interesting to carry out similar detailed comparisons, taking into account errors and observational selection functions, for a variety of models (e.g. Sijacki et al. 2015; Taylor & Kobayashi 2016; Volonteri et al. 2016 ) and extending to higher redshifts. These comparisons will provide a powerful test of the various recipes that have been adopted to describe accretion and star formation physics at sub-grid level in numerical simulations.
Looking at the future, the sample of lensed quasars that can be analyzed with high fidelity is going to grow. Currently, ultra deep HST imaging data have been obtained for six additional strongly lensed systems 6 and their analysis will be described in a forthcoming paper. The sample of lensed quasars and their hosts that can be studied at high fidelity is likely to continue to grow as more such systems are discovered in wide field imaging and spectroscopic surveys (e.g. Agnello et al. 2015; More et al. 2016; Schechter et al. 2017; Ostrovski et al. 2017 
